ABSTRACT The vacuolar membrane of red beet vacuoles contains a channel which was not gated by voltage or Ca2+ ions. Its unit conductance was 20 pS in 200 mM symmetrical KCI solutions. It was stretch activated: the conductance remained constant but the probability of opening was increased by suction or pressure applied to a membrane patch. A 1 .5-kNm 2 suction applied to isolated patches or a 0.08-kNm-2 pressure applied to a 45-,um diameter vacuole induced an e-fold change in the mean current. A 75% inhibition of the channel current was obtained with 10 ,uM Gd3+ on the cytoplasmic side. The channel was more permeable for K+ than for Cl-(PK/PCI 3). A possible clustering for this channel was suggested by the recordings of the patch current. The channel properties were not significantly affected by a change in sorbitol osmolality in the solutions under isoosmotic conditions, between 0.6 and 1 mol/kg sorbitol. However, the channel was very sensitive to an osmotic gradient. A 0.2-mol/kg sorbitol gradient induced a two-fold increase in unit conductance and a thirty-fold increase in the mean patch current of the channel. A current was measured, when the osmotic gradient was the only driving force applied to the vacuolar membrane. The hydrostatic and osmotic pressure (HOP) activated channel described in this paper could be gated in vivo condition by a change in osmolality, without the need of a change in the turgor pressure in the cell. The HOP channel represents a possible example of an osmoreceptor for plant cells.
INTRODUCTION
There are three types of energy used to gate channels in cell membranes: the chemical energy through binding of the channel with a ligand; the electrical energy through membrane potential and the mechanical energy through membrane stretch. Ligand and voltage-dependent channels have already been detected in the vacuolar membrane of plant cells. An example of a ligand gated channel is given by the Ca2" selective channel found in the tonoplast of isolated red beet vacuoles (1) . This channel is opened by micromolar concentration of Inositol 1,4,5 trisphosphate, an intracellular second messenger involved in a Ca2" based transduction pathway (2) .
The probability of opening for several channels is strongly voltage dependent (1, [3] [4] [5] [6] , but the biological importance of gating by voltage in vacuoles is less obvious. An electrical gate would imply a shift from positive to negative values of the vacuolar potential whereas in vivo, its value is assumed to be positive.
Gating of channels in the tonoplast by osmotic or hydrostatic pressure can be suspected because of the importance of the vacuole in the control of water movement. A pressure-activated channel has already been found in the plasma membrane of tobacco cells (7) , but to our knowledge, such a channel was never mentioned on plant vacuoles. The direct gating of channels by osmotic pressure has also been studied on theoretical grounds (8) but nonphysiological large changes in osmolality seem to be required to open the channels (9) .
In the experiments reported here, we present the effect of osmotic and hydrostatic pressure on two types of channels found in isolated red beet vacuoles.
METHODS

Electrophysiological recordings
Standard patch-clamp techniques (10) were applied to isolated vacuoles. Pipettes were pulled (PP83 Narishige USA, Inc., Greenvale, NY) from soft glass microhematocrit capillary (Blu-Tip, Monoject Scientific, Division of Sherwood Medical ATHY Co., Kildare, Ireland). The tip diameter of the pipettes, as estimated from bubble index measurements in methanol (11) was in the range 0.5 to 1.5 pLm, corresponding to an electrical resistance of 10 Mfl to 1 Mfl in 200 mM KCl. [1] [2] [3] MQi pipettes were used for the "whole-vacuole" recordings, making the voltage clamp error < 3 mV for the largest current used ( -10-9 A). Pipettes were not fire polished but were coated with silane; after filling a pipette, its tip was dipped for a few seconds in a 30% chlorotrimethylsilane, 70% carbon tetrachloride solution and air dried. In most cases gentle suction resulted in a giga-seal (> 10 Gfl) between the pipette and the vacuolar membrane. Application of voltage pulses (1V, 50 ms) to this vacuole-attached patch consistently yielded the whole-vacuole configuration. Pulling the pipette away from the vacuole in this case always resulted in an outside-out patch, at the cytoplasmic side of the tonoplast facing the pipette solution. Once pulled from a vacuoleattached patch, an outside-out patch was still obtained quite fre-this case (10) . The experiments were carried out at room temperature (20-220C) 
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remained silent when the pipette potential was varied from -80 mV to +80 mV. The mean steady-state activity for active patches was slightly voltage dependent in the voltage range tested (Fig. 1 b) .
In the vacuole-attached patches (data not shown), activity was always larger at -80 mV than at +80 mV, so we used this criterion to make the difference between inside and outside-out patches (see Methods). The channel conductance was calculated from vacuoleattached and isolated-patch measurements. For the two-patch configurations, conductance was 20 pS with 200 mM KCI in the pipette and in the external medium ( Fig. 1 c) . The same experiments performed in 100 mM KCI symmetrical solutions gave a 10 pS conductance value (data not shown). The effect of an excess pipette pressure was tested on a few isolated or attached patches. A similar increase in the current was obtained with a suction or with the corresponding excess pressure applied to the patch (data not shown). However, no systematic study of the patch current was performed with the excess pipette pressure. (Fig. 2 b) . Maximum suction sustained by a patch before breaking the seal or the patch membrane was 8-10 kNm-2. Usually the highest values for suction were not sufficient to induce saturation in current (except perhaps for patch n°4 Fig. 2 b) . Suction had no effect on the conductance of the channel. This can be seen (a) on the lower recordings Fig. 2 a: the open levels induced by suction are evenly spaced and correspond to the open level before suction (b) on the measurements of conductance given in Fig. 4 b: no important change in the i /Vcurve is found before and after application of a 6 kNm-2 suction on an isolated patch. When the Ca2+ sensitive channel was also present in a patch under the ionic conditions of Fig. 1 , it was found that this channel was not sensitive to suction or excess pressure.
A patch usually contains many channels which are activated by suction in a strong nonlinear manner (Fig. 2 b) . This is the case even if there is only one open current level on the recording when there is no applied suction to the patch (Fig. 2 a) . The fits to data are discussed in the next part of this paper.
Application of excess pressure to the pipette was used to modify the vacuolar current (Fig. 3) at +50 mV. For the five vacuoles tested, there was a wide variation in the response. When vacuoles were submitted to the same 0.5 kNm 2 pressure, the current values ranged between 200-1,200 pA. As for the isolated patches, it was not always possible to reach the saturation value for the current because of the breaking of the seal or of the vacuolar membrane (the break clearly occurred in the vacuolar membrane, far from the seal itself, in only one of the experiments).
To record the pressure sensitive current between -60 and +60 mV, ZnCl2 was used to prevent opening of Ca2+ sensitive channels for negative voltages (15) . Under the ionic conditions of Fig. 3 The effect of GdCl3 was tested on both isolated patches and whole-vacuole currents induced by pressure. GdCl3 was effective on the cytoplasmic side only and the effect was 100% reversible by washing. The patch recording in Fig. 4 a indicates that, with 10 ,uM GdCl3 in the external medium, the mean patch current was reduced to 30% of its initial value. For three outside-out patches tested under similar conditions (10 ,uM GdCl3 in the external medium: suction 6 kNm-2 and 
EFFECT OF SORBITOL OSMOLALITY ON CURRENT
Ten patches were submitted to a 0.2 mol/kg sorbitol gradient. Three of the patches were initially performed with 0.6 mol/kg sorbitol in the pipette, in a 0.6 mol/kg sorbitol solution. The gradient was established by washing the patches with a 0.8 mol/kg sorbitol solution. An example of a current recording from these patches is given in Fig. 5 a. The gradient induced a strong, reversible increase in the patch current (first and second arrows, Fig. S a) . Resolution of the current states was better when no perfusion was applied to the patch submitted to the sorbitol gradient (Fig. S b) . Recordings under these conditions were used to measure the channel conductances and the mean patch current (Fig. 5,  b-d) .
The i / V curve (Fig. S c) obtained under isoosmotic conditions corresponds to the 20-pS channel already described in Fig. 1 . Once the sorbitol osmolality in the external medium has been increased to 0.8 mol/kg, the recordings exhibit multiple conductance states of a 40 pS level (Fig. 5, a-c) . The 20-pS channel cannot be detected when there is an osmotic gradient ( Fig. 5 b) ; it would correspond to a peak located at 1 pA in the histogram given Fig. 5 b. The average steady-state activity of the 40-pS channel is voltage dependent (Fig. 5 d) , but cannot be suppressed in the voltage range tested. When there was no channel present under isoosmotic conditions, the patch remained silent when the sorbitol osmolality in the external medium was increased to 0.8 mol/kg.
It was possible to test the effect of sorbitol osmolality on the Ca2" sensitive channel described in Fig. 1 (Fig. 6 a) . The vacuoles submitted to an osmotic gradient were also sensitive to GdCl3. In a vacuole clamped at +50 mV, with 0.5 mol/kg sorbitol in the pipette, and 0.7 mol/kg sorbitol in the external medium, the value for the current was decreased to 60% of its initial value after washing of the vacuole by a 0.7 mol/kg sorbitol and 10 ,uM GdCl3 medium (for a full description of the media, see legend Fig. 6 ). When no stretch or electric field was applied to the membrane, it was still possible to record a current sensitive to sorbitol osmolality changes (Fig. 6 b) . There was a near linear relationship between the current and the osmolality difference in the two media. Apparently there was not such a relationship between the current and the absolute value of the vacuolar or extravacuolar sorbitol osmolality. Control experiments were performed on different vacuoles under the conditions of Fig. 3 b (0) with various isoosmotic sorbitol media: 0.6, 0.7, 0.8, 0.9, and 1 mol/kg. For all these experiments, the vacuolar current was negligible when the vacuolar potential was clamped between -60 mV and +60 mV. (Fig. 1 a) .
In previous work on Ca2' dependent channels in sugar beet vacuoles (3), Hedrich and Neher give evidences for two types of Ca2" sensitive channels being present in the tonoplast. When cytoplasmic Ca2" is low (-10-i M), a "fast vacuolar" (FV) type is activated at both negative and positive values of the vacuolar potential. When cytoplasmic Ca2" is high, a "slow vacuolar" (SV) type is activated at negative voltages. The 70-pS channel found in the red beet vacuoles could then correspond to the FV channel mentioned on the sugar beet vacuoles. However, the simpler explanation for the data that we (16) , the value of the mean patch current for the 20-pS channel at +60 mV (Fig. 1, b and c) (Fig. 3 b, 0) . This 20-pS channel could correspond to a small channel (15 pS in 50 mM KCl symmetrical solution), already mentioned but never fully studied, in sugar beet vacuoles (4) .
A strong effect of hydrostatic pressure was found in the whole vacuole experiments. At +50 mV, a small excess in pressure in the pipette increased the current from a few tenths of pA to more than 1,000 pA for some vacuoles (Fig. 3) . The opening probability of the 20-pS channel was the only property of this channel affected by pressure (Figs. 2 a and 4 b) . The 70-pS channel properties were not modified by pressure. For the larger pressure used in the experiments, the mean patch current for the 20-pS channel could reach 12 pA (Fig. 2 b) . With a corresponding value of 0.6 pA for the current in the open state (Fig. 1 c) , this implies a minimum number of 20 channels in the patch. This large number of channels per active patch seems in contradiction with the fact that -1/3of the patches were silent in our experiments. It suggests some kind of clustering for these channels. However, we cannot rule out the possibility of an artefact due to the patch pipette (17) .
As the channel was being activated by both the suction and excess pressure in the pipette, we tried the effect of Gd3+, an inhibitor of stretch activated channels (18) (19) (20) .
Gd3+ ions were efficient on the cytoplasmic side of the channel in both isolated-patch and whole-vacuole experiments. They strongly reduced the probability of channel opening while they induced a weaker decrease in the channel conductance (Fig. 4) . The same kind of block by micromolar Gd3+ concentration was found on Xenopus oocytes, but a larger decrease in conductance has been reported by Franco and Lansman in work on muscle cells (20) .
Preliminary measurements do not indicate a strong selectivity cation/anion for this channel whereas previously reported stretch-activated channels are either cation or anion selective (21) . This channel does not show the adaptationlike behavior sometimes found with stretch-activated channels (22) .
Following different authors (21-24), we used a simple two-state model to fit the data in Fig. 2 b and 3 [24] .) The 4-5-fold change in the 0 values for isolated patches could be explained by variations in patch diameter (27, 28) (29) , a large scale structure is disrupted by temperature: heating the cells to 50°C induces a 3-4 x decrease in the membrane stiffness. There is no correlation between this structure and the gating of channels, but such a correlation was established between the cytoskeleton and a stretch activated channel in chick skeletal muscle (26) . We do not know if a matrix in the vacuolar membrane is also used to focus the elastic energy on the channel gate, but if such a matrix exists, it is insensitive to temperature.
Without application of hydrostatic pressure when the vacuolar current was reduced to a small value with Ca2+ and Zn2+ ions (Fig. 3 b) , an osmotic stress resulted in a strong increase in current (Fig. 6 a) . This increase in current exhibits several important properties: (a) it occurs with hyperosmotic or hypoosmotic vacuolar solutions ( Fig. 6 a) ; (b) if the 20-pS channel is not already present in a patch without osmotic stress, the patch remains silent after an osmolality change; (c) when already present in a patch, the 20-pS level disappears after an osmolality change in the external medium and a 40-pS level appears at the same time (Fig. 5, a and b) ; (d) the Ca2+ sensitive channel is unaffected by osmolality changes; (e) the voltage dependence of the 20-and 40-pS levels are similar (Figs. 1 b, 5 c) they are not closed by depolarization or hyperpolarization of the membrane; and (f ) the 20 and 40-pS levels are sensitive to Gd3+ ions.
These experiments strongly suggest that the 40-pS channel appearing under osmotic stress conditions is the modified 20-pS pressure sensitive channel. To understand the possible mechanism of gating for this channel by an osmotic pressure gradient, we examined two hypothesis.
(a) The channel is not sensitive to the osmotic pressure itself. It is the build up of pressure by the water flux resulting from the osmotic gradient which opens pressure activated channels (30) . This could be the case in our experiments if the hydrostatic resistance of the patch pipette and membrane were comparable in size. Even in the lack of externally applied pressure, a water flux through the pipette shank could increase the hydrostatic pressure in the patch or in the vacuolar membranes. We discarded this possibility because the largest current induced by an osmotic gradient occurs when there is a water efflux from the vacuole (Fig. 6 a) . In this situation, the vacuolar pressure can only decrease in the vacuole, without possibly opening the pressure-activated channels.
(b) There is a true opening ofthe channels by the osmotic pressure. In a model already discussed (8 and 9), the channel is gated by an osmotic gradient between its internal volume and the media facing it. In this model the gradient is generated by the exclusion of some species like sorbitol, from the inner space of the channel, but one may also suspect that a membrane stress could arise if some species were excluded from a region adjacent to the membrane surface (31 and 32). In our experiments, a 0.4 mol/kg isoosmotic change in sorbitol osmolality did not produce a significant increase in the opening probability of the channel, but a 0.2 mol/kg sorbitol osmolality difference between the extravacuolar and the vacuolar side of the cytoplasm resulted in a > 30-fold increase in the mean patch current (Fig. 1, b and c and 5, c and d). Unfortunately, it seems difficult to predict the effect of an osmotic gradient in these models because in case of a gradient, the osmotic pressure applied to the channel is not thermodynamically well defined (9) .
Our experiments (Fig. 6, a and b) in the gating of an hydrostatic and osmotic pressure-dependent (HOP) channel underline the effect of an osmotic gradient applied to the vacuolar membrane. The magnitude of a vacuolar current depends on the direction of the water flux (Fig. 6 a) induced by this gradient, and a water flux alone can create a vacuolar current (Fig. 6 b) . The sign of the current in Fig. 6 b, indicates that the water flux drags more cations than anions, which is in agreement with the selectivity measurements already discussed.
The results reported in this paper strongly suggest a coupling between the HOP channel current and the water flux between the cytoplasmic and vacuolar compartments, but other experiments are needed to quantify this interaction The coupling between ions and water molecules in a channel has already been used mainly to study the structure of ionic pore in single-file models (33 and 34) . Such a coupling in the HOP channel could be important under in vivo conditions. The HOP channel represents a true osmoreceptor which can be activated by a change in the osmotic environment, without the need of a modification in the turgor pressure in the cell.
